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Abstract
Gd2O3 nanoparticles synthesized by solution combustion method were used to prepare PVA-Gd2O3 nanocomposite films of 
varying concentrations (2 wt%–6 wt% of filler) by solution casting method. Being a rare earth oxide, gadolinium oxide was 
expected to exhibit good photoluminescence and the nanocomposite was expected to be flexible as well. The  Gd2O3 nano-
particles prepared were found to be in cubic phase with an average size of 19 nm. Raman spectra showed the incorporation 
of  Gd2O3 into the polymer matrix. Scanning electron microscope images revealed that the particles were porous in nature, 
agglomerated and distributed evenly on the surface of the film in the form of clusters. The UV–Visible absorption spectra 
gave direct optical energy band gap value in the range 5.78–4.86 eV. Both band gap as well as the Urbach energy are seen to 
decrease with increasing concentration of the dopant. Four prominent photoluminescence peaks were observed in all the three 
composite films in the UV region (318 nm), deep blue region (396 nm), blue region (477 nm) and green region (553 nm). 
The color purity of the films using CIE coordinates was found to be the highest, 82.81%, in the 2 wt% film making this film 
a promising material for blue OLED’s and blue flexible screens.
1 Introduction
Polymer nanocomposites combine the flexibility of poly-
mers with the attractive properties of nanoparticles leading 
to materials with a wide range of applications from food 
industries, sensors, optoelectronics, flexible screens, solar 
cells and medical applications [1–12]. The combination of 
inorganic nanomaterials with organic polymers gives rise 
to a host of interesting properties. It is possible to tailor the 
property of the nanocomposite by controlling the size, shape 
and surface area of the dopant [1]. In the case of  ZrO2 and 
 TiO2 used as fillers in composites, the size as well as phase 
of the nanoparticle was seen to affect its properties. Photo-
luminescence of  Al2O3,  Y2O3, ZnO and  SnO2 polymer thin 
film nanocomposites was seen to depend on the amount of 
filler used [13]. A green photoluminescence was observed 
in CdSe/polybutyl acrylate (PBA) nanocomposites [14]. The 
photoluminescence of ZnO-vinyl ester resins also showed a 
dependence on nanoparticle loading. The pristine polymer 
did not exhibit any photoluminence while the nanocomposite 
showed significant PL even for low filler concentration such 
as 1 wt%. The intensity of the emission was seen to increase 
with increase in loading [15]. An increase in the excitation 
and emission wavelengths with increasing particle size was 
observed in ZnO-polybutanediol mono acrylate (PBDMA) 
nanocomposites [16] and for ZnO quantum dots dispersed in 
PMMA [17]. Polyvinyl alcohol (PVA) has easy film forming 
ability, ease in incorporation of dopants, sensing property, 
biocompatibility and ability to encapsulate unstable nano-
particles and is a promising candidate for opto-electronic 
applications [18–26]. Salicyclic acid (SA) and its sodium 
salt added to PVA is found to make a good optical sensor for 
water/humidity as its photoluminescence gets quenched in 
the presence of moisture [18]. In PVA dielectric films, the 
resonance frequency and Q-factor variation of RF circuit 
has been used as a relative humidity sensor with some suc-
cess [19]. The optical bandgap of PVA doped with black tea 
extract shows a decrease and yields small bandgap materials 
which can be used as solar cells [21].
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The lanthanides (rare earth elements) exhibit sharp and 
narrow luminescent emission bands [27–29] and form good 
phosphors. Earlier studies on films of  CeO2 doped PVA 
showed good photoluminescence intensity even for small 
doping [30] and it was felt that rare earths were good can-
didates for optical applications. Amongst the lanthanides, 
gadolinium has a half filled electronic configuration and 
properties like chemical durability, thermal stability, high 
refractive index, large band gap and high dielectric con-
stant. Gadolinium oxide nanoparticles were found to be 
a good host material for luminescent dopants due to their 
efficient energy transfer to dopant [31]. They were also 
seen to exhibit emission bands in UV region, blue, green 
and red region [32, 33] mainly due to defects present in the 
crystals. These results fuelled the interest in understanding 
the effect of  Gd2O3 on PVA films and hence the present 
study of optical properties of  Gd2O3 when embedded in 
polymer matrix.
The present work reports the synthesis of Gadolinium 
nanoparticles by solution combustion method using gly-
cine as a fuel. These nanoparticles were used to form 
nanocomposite films of varying dopant concentration by 
solution casting technique and their structural and opti-
cal properties are reported here. The photoluminescence 
spectra of these films show promise for optoelectronic 
applications.
2  Experimental details
2.1  Materials
All the chemical reagents used for the synthesis of nano-
particles and polymer nanocomposite films were of 
analytical grade. Gadolinium(III) nitrate hexahydrate 
[Gd(NO3)3.6H2O], glycine  [C2H5NO2] and poly(vinyl 
alcohol) [(C2H4O)x] with average molecular weight of 
13,000–23,000, 98% hydrolyzed, were obtained from Sigma-
Aldrich and were used directly without further purification. 
Reactant solutions were made in doubly distilled water to 
avoid impurities.
2.2  Synthesis of  Gd2O3 nanoparticles
The  Gd2O3 nanoparticles used in the present study were 
prepared by the solution combustion method as detailed 
below. The stoichiometric ratio of the redox mixture which 
was calculated based on the total oxidizing and reducing 
valences of oxidizer [Gd(NO3)3·6H2O] and fuel  [C2H5NO2] 
keeping the O/F ratio unity [34], was dissolved in 25 ml of 
doubly distilled water taken in a petri dish with continu-
ous stirring till the reactants dissolved completely to obtain 
homogeneous redox solution. It was then placed inside a 
preheated muffle furnace maintained at 400 ± 10 °C. Ini-
tially the solution boils, foams and undergoes dehydration, 
followed by decomposition with the evolution of large 
amount of gases and self-ignites to form porous, fluffy 
and voluminous  Gd2O3 nanoparticles. The time taken for 
the whole process of this combustion reaction was about 
10 min. The obtained foamy product was ground to fine 
powder. As obtained  Gd2O3 nanoparticles were amorphous 
in nature hence they were further annealed at 650 °C for 
10 h to obtain crystalline  Gd2O3 nanoparticles with aver-
age crystallite size of 19 nm. Figure 1 shows the schematic 
diagram for the synthesis of  Gd2O3 nanoparticle by solu-
tion combustion method. The theoretical equation for the 
formation of  Gd2O3 nanoparticles can be represented by the 
following reaction:
2.3  Synthesis of PVA‑Gd2O3 hybrid nanocomposite 
film
The PVA-Gd2O3 hybrid nanocomposite films with the 
dopant concentration of 0 wt%, 2 wt%, 4 wt%, 6 wt% were 
prepared by solution casting method (schematic diagram 
in Fig. 2). The known quantity of PVA was dissolved in 
25 ml doubly distilled water with continuous magnetic stir-
ring until the polymer was completely dissolved and a clear 
viscous solution is obtained. The obtained PVA stock solu-
tion was filtered before further use. For the PVA-Gd2O3 
hybrid nanocomposite films with the dopant concentration 
of 0 wt% (pure PVA film) the above obtained stock solution 
was used directly. For the PVA films with dopant concen-
tration 2 wt%, 4 wt% and 6 wt%, the required quantity of 
dopant was initially dissolved in doubly distilled water in 
a separate beaker and slowly added to the above prepared 
polymeric stock solution with continuous magnetic stirring 
over a period of 30 min. Further, probe sonication was done 
for 1 h for complete uniform dispersion of  Gd2O3 nanopar-
ticles in PVA solution.
To make the films, the measured volume of the composite 
solution was cast on the Petri dish of known dimensions 
on the leveled surface of dust free hot air oven and dried at 
45 °C for 48 h. When films were dried completely, they were 
peeled off very carefully from the Petri dish using forceps. 
The obtained films were 0.05–0.1 mm thick and were cut 
into the required dimensions for further studies.
6Gd
(
NO3
)
3
(aq) + 10C2H5NO2(aq)
+ 18O2 (↑) → 3Gd2O3(s)
+ 20CO2 (↑) + 25H2O (↑)
+ 5N2 (↑) + 18NO2(↑) + Q
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2.4  Characterization
The XRD spectra of nanocomposite films were obtained by 
using Rigaku SmartLab high resolution X-ray diffractometer 
system with Cu  kα radiation (λ = 1.5406 Å) in the 2  (Bragg 
angles) range 10◦ ≤ 2 ≤ 80◦ . Raman spectroscopy studies 
were carried out by Horiba LabRAM HR with laser excita-
tion source of wavelength 540 nm. The surface morphology 
of the samples was studied using Zeiss ULTRA55 scanning 
electron microscope (SEM). Elements present in the samples 
were found using energy dispersive spectroscopy. Further the 
chemical compositions of the films were analyzed by X-ray 
photoelectron spectroscopy using Kratos AXIS ULTRA. Sur-
vey spectra were run in the binding energy range 0–1200 eV, 
followed by high-resolution core spectra of C1s, O1s and Gd3d 
region. The ultraviolet–visible absorption spectra of the sam-
ples were recorded on the Shimadzu MPC3600 in the range 
200–700 nm with the resolution of 1 nm. The photolumines-
cence spectra of the samples have been obtained using Horiba 
Fluorolog Spectrofluorometer with 450 W xenon lamp as a 
source, excited at wavelength 290 nm.
3  Results and discussion
3.1  X‑ray diffraction studies
Figure 3(a–b) shows the XRD spectra of  Gd2O3 nanopar-
ticles as synthesized and after annealing at a temperature 
of 650 °C for 10 h respectively. All the diffraction peaks 
were well indexed to cubic phase with space group Ia 3
(206), JCPDS card no. 86-2477 and unit cell parameters 
a = b = c = 10.809(9) Å. No additional peaks corresponding 
to any secondary or impurity phase were seen which con-
firms the phase purity of the sample. Rietveld refinement has 
been carried out on the XRD data using FULL PROF pro-
gram with goodness of fit of 1.298 and the cell parameters 
obtained are tabulated in the Table 1.
PVA is a semi-crystalline polymer with crystallinity 
arising due to the presence of –OH group. The crystalline 
zones are randomly distributed over the polymer and play 
an important role in the physical and chemical behavior. 
Figure 4 shows the XRD pattern of the PVA-Gd2O3 films 
with the dopant concentration 0 wt%, 2 wt%, 4 wt% and 
6 wt% respectively. Figure 4(a) is XRD of the pure PVA 
Fig. 1  Schematic diagram of 
solution combustion method 
for the preparation of  Gd2O3 
nanoparticles
Stoichiometric ratio 
O/F=1
Aqueous redox mixture in 
preheated (400±10°C) Muffle 
furnace
Initial product
(As synthesized Gd2O3
nanoparticles: Amorphous in 
nature)
Final product
(Crystalline Gd2O3
nanoparticles) 
Self-ignited combustion Viscous gel Thermal dehydration
Oxidizer (O)
( Gadolinium(III) nitrate 
hexahydrate)
Fuel (F)
Glycine+
MixingDouble-distilled 
water
Annealing 10hrs at 650°C
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which shows a relatively sharp and intense peak centered at 
scattering angle 2θ = 19.5° corresponding to a (101) plane 
of monoclinic crystal with d spacing 4.49 Å. Two more 
broad and lower intensity peaks were observed at 11.50° 
and 40.50° which correspond to non crystalline zones within 
the polymeric matrix [35].
Figure 4 (b–d) shows a few additional peaks besides those 
of the pure PVA films and these were indexed to the peaks 
related to nano  Gd2O3 indicating formation of nanocompos-
ites. The nanoparticles occupy the interstitial sites between 
the polymer chains of amorphous phase and are linked by 
hydrogen bond due to charge transport processes. There is 
a drastic reduction in the intensity of peak corresponding to 
the crystalline zone of pure PVA while the peak correspond-
ing to the non-crystalline zones of pure PVA disappeared 
with increase in the concentration of dopant indicating the 
bond formation between the –OH group and nanoparticles 
and consequent decrease in the percentage of –OH group 
in the matrix.
Table 2 shows the values of inter planar spacing(d), lattice 
parameter(a), volume(v) of the unit cell of nano  Gd2O3 and 
PVA-Gd2O3 (2 wt%, 4 wt%, 6 wt%) films calculated using 
unit cell software (method of TJB Holland and Sat Redfern. 
1995) and compared with those obtained from the JCPDS 
Polyvinyl alcohol (PVA)
Transparent homogenous PVA 
solution 
Filtered PVA solution +
Crystalline Gd2O3 nanoparticles 
Solution Casting the 
Homogenous solution
Final sample
( PVA- Gd2O3 Nanocomposite films)
Double-distilled 
water
Magnetic Stirring
Filtering
Probe Sonication
Dry in dust free hot air 
oven at 45°C for 48-50 
hours
Fig. 2  Schematic diagram of solution casting method for the prepara-
tion of PVA-  Gd2O3 nanocomposite films
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Fig. 3  XRD spectra of (a)  Gd2O3 nanoparticle as obtained; (b)  Gd2O3 
nanoparticle annealed at 650 °C for 10 h
Table 1  Structural parameters of cubic phase  Gd2O3 nanoparticle 
obtained from Rietveld refinement
Crystal system Cubic
Lattice parameters a = b = c = 10.7429 Å;  =  = γ = 90°
Cell Volume (Å)3 V = 1239.8502
Density  = 8.181 g/cm3
Gd1 x = −0.03144; y = 0.0000; z = 0.25000
Gd2 x = 0.25000; y = 0.25000; z = 0.25000
O x = 0.39150; y = 0.15240; z = 0.38090
R-factors Rp = 48.8;  Rwp = 43.6;  RBragg = 8.16;  RF = 5.07
Goodness factor 2 = 1.298
Bond length (Å) Gd1-O = 2.3743
Gd2-O = 2.3117
Gd1-Gd2 = 4.0578
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Fig. 4  XRD spectra of PVA-Gd2O3 nanocomposite films with dopant 
concentration; (a) 0 wt%, (b) 2 wt%, (c) 4 wt%, (d) 6 wt%
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card no. 86-2477. The values of d spacing are in good agree-
ment with the JCPDS file.
The XRD patterns were used to evaluate the structural 
parameters like average crystallite size (using Debye–Scher-
rer formula and W–H plot), degree of the polymer crystallinity, 
average inter crystallite separation (R) (calculated from the 
position of the maximum of the halo), Dislocation density (δ) 
and Stacking fault by using the relations (1-6) respectively 
[35–37].
(1)D = k∕ cos 
(2) cos  =
(
k
D
+ 4 sin 
)
(3)
% Crystallinity =
(
total area of crystalline peaks
total area of all peaks
)
× 100
where D is the average crystallite size, k = 0.9 is a constant 
and related to several aspects including the shape of crys-
tal and the miller index of the reflecting crystallographic 
planes, λ is the wavelength of Cu k radiation (1.5406 Å), 
 is the FWHM,  is the Bragg angle of the X-ray diffrac-
tion peak,  is the microstrain. The Williamson Hall plot 
is shown in Fig. 5 and the calculated values are given in 
Table 3. The average size of the nanoparticle obtained from 
(4)R =
5
8Sin
(5) = 1
/
D2
(6)SF =
⎡
⎢
⎢
⎣
22
45(tan )
1∕2
⎤
⎥
⎥
⎦
× 
Table 2  The lattice parameters 
of  Gd2O3 nanoparticle and 
PVA-Gd2O3 nanocomposite 
films (2 wt%, 4 wt% and 
6 wt%); calculated using Unit 
cell software and compared 
with the values obtained from 
JCPDS card no. 86-2477
Sample (hkl) 2(°) Interplanar distance 
(d) (Å)
Lattice 
Parameter 
(Å)a
Volume (Å)3v
Observed JCPDS Observed JCPDS
Observed Observed
Pure  Gd2O3 (222) 28.510 28.585 3.128 3.120 10.7995 1259.5366
(400) 33.040 33.125 2.708 2.702
(411) 35.220 35.198 2.546 2.547
(134) 42.620 42.616 2.119 2.119
(440) 47.470 47.548 1.913 1.910
(611) 52.020 52.119 1.756 1.753
(622) 56.340 56.421 1.631 1.629
(631) 57.690 57.808 1.596 1.593
(831) 75.460 75.620 1.258 1.256
(662) 76.680 76.818 1.241 1.239
(752) 78.990 78.011 1.211 1.223
PVA + 2 wt%  Gd2O3 (211) 19.550 20.106 4.537 4.412 10.97369 1321.4707
(222) 27.490 28.585 3.241 3.120
(123) 31.220 30.930 2.862 2.888
PVA + 4 wt%  Gd2O3 (211) 19.590 20.106 4.527 4.412 10.87147 1284.8878
(222) 27.610 28.585 3.228 3.120
(123) 31.830 30.930 2.809 2.888
(422) 40.560 40.867 2.222 2.206
PVA + 6 wt%  Gd2O3 (211) 19.950 20.106 4.446 4.412 10.82538 1268.6126
(222) 28.480 28.585 3.131 3.120
(400) 33.050 33.125 2.708 2.708
(411) 35.190 35.198 2.548 2.546
(332) 39.000 39.055 2.307 2.304
(134) 42.630 42.616 2.119 2.119
(440) 47.430 47.548 1.915 1.910
(611) 52.060 52.119 1.755 1.753
(622) 56.330 56.421 1.631 1.629
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Debye–Scherrer method is 19 nm and from W–H method is 
21 nm where the FWHM of all the lines has been used. The 
slight variation in the values comes about because W–H 
method factors in the effect of strain also. 
From Table 3 it can be seen that the degree of crystal-
linity of PVA films increases with increasing concentration 
of the dopant. Further it can be seen that the average inter 
crystallite separation, dislocation density and stacking fault 
decreases with increasing concentration in the polymer 
matrix. This may be attributed to the structural regularity of 
the main chain of PVA molecules after doping.
3.2  Raman spectra analysis
Figure 6 shows the Raman spectra of pure PVA and PVA-
Gd2O3 nanocomposite films for different dopant concentra-
tions. Table 4 summarizes the assignment of the Raman 
peaks and these are in agreement with literature [30, 38, 39]. 
Pure PVA film shows 14 Raman active modes and composite 
films show 18 Raman active modes. The additional peaks 
in the composite films are due to the structural changes that 
have occurred by the incorporation of the dopant. It can be 
seen that the intensity of the Raman peaks decrease with 
increasing dopant concentration and this may be attributed 
to the increased chelation of the nanoparticles in the polymer 
matrix. A slight blue shift in the peaks can be observed, 
which may also be due to the chelation between matrix and 
the dopant. Increased chelation constrains the vibrations of 
the molecules, hence decreases the intensity of the peak and 
also contributes to shifts in the vibration bands. A band at 
360 cm−1 is observed in the 6 wt% film, which may be attrib-
uted to combination of  Fg and  Eg modes of  Gd2O3. Band 
at 483 cm−1 is observed both in pure PVA film as well as 
the composite films; this may be due to bending of –CO in 
the PVA film and combined effect of bending of –CO bond 
as well as the  Ag mode of  Gd2O3 in the composite films 
[32, 40]. A new band at 528 cm−1 was observed in all the 
composite films, which is assigned to the wagging of –OH 
and –CH out of plane. Decrease in the peak intensity related 
to the wagging, twisting, stretching and bending of -OH 
bond i.e. the bands at 629 cm−1, 1072 cm−1 and 1445 cm−1 
respectively are seen, and these indicate the formation of 
bonds between the –OH of PVA matrix and the nanopar-
ticles. These results support those obtained from the XRD 
and confirm the successful incorporation of nanoparticles 
in the polymer matrix.
3.3  SEM and energy dispersive analysis of X‑rays 
(EDAX)
In order to probe the micro structure details of the samples 
the SEM pictures (Fig. 7) were analyzed while elemental 
0.0 0.5 1.0 1.5 2.0
0.0068
0.0072
0.00
0.03
0.06
0.02
0.04
0.008
0.012
βC
os
θ
PVA-6wt.%Gd2O3
PVA-4wt.%Gd2O3
PVA-2wt.%Gd2O3
 Gd2O3nanoparticle
4Sinθ
Fig. 5  W–H plot of  Gd2O3 nanoparticle and PVA-Gd2O3 nanocom-
posite films
Table 3  Estimated average crystallite size by Debye–Scherrer for-
mula and Williamson-Hall equation, micro strain calculated by W–H 
plot, degree of crystallinity of PVA as a function of different concen-
tration of  Gd2O3 nanoparticle; average intercrystalline separation (R), 
dislocation density (  ) and stacking fault (SF)
Sample Average crystallite size (D) (nm) Micro strain Percentage of 
crystallinity
Average intercystalline 
separation (R) (Å)
( )  (1016 lines 
per  m2)
Stacking fault (SF)
Scherrer’s formula W-H plot
Gd2O3 19.06 21.65 4.95 × 10−4 – – 0.27 0.00333
PVA – – – 60% 5.69 – –
2 wt% 3.71 6.41 0.03686 61% 5.69 7.25 0.02017
4 wt% 5.94 5.81 0.01075 66% 5.67 2.83 0.01341
6 wt% 16.51 16.06 2.908 × 10−4 70% 5.60 0.36 0.00384
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compositions of the samples were obtained by EDAX 
(Fig. 8).
Figure 7a is the SEM image of nano  Gd2O3 which shows 
that the particles are porous in nature. This is due to the 
escape of gases produced during the process of synthesizing 
the nanoparticles by solution combustion process and is the 
expected morphology [30, 32, 33, 40]. The thickness of the 
films were obtained from the SEM cross section view and 
were between 0.05-0.1 mm. Figure 7b is the cross section 
view of the representative 6 wt% film. In Fig. 7c–f small 
crack like structure is seen and may be due to the thermal 
treatment during the process of drying the films. It can be 
seen that the dopants were successfully incorporated and are 
agglomerated and distributed evenly in the form of clusters 
all over the polymer matrix.
EDAX spectra of PVA-Gd2O3 (2 wt%, 4 wt%, 6 wt%) 
composite films confirm the presence of dopant in the proper 
ratio and chemical homogeneity of the samples. Representa-
tive elemental mapping of PVA and the 6 wt% sample is as 
shown in the Fig. 8(a, b).
3.4  X‑ray photoelectron spectroscopy analysis
Figure 9 1 shows the wide scan XPS spectra of all the 4 
samples. The electronic transitions in Gd, O, and C were 
assigned. Figure 9 2–4 shows the core level high-resolution 
XPS spectrum of C (1 s), O (1 s), Gd (3d) energy levels 
of the samples. From the graph following observations are 
made:
C (1 s) spectra shows two peaks at 284.2 eV and 287.8 eV 
which correspond to the C–C/C–H and O–C = O spe-
cies respectively. O (1 s) spectra shows one major peak at 
531.2 eV. There are slight shifts towards higher binding 
2000 1500 1000 500
Pure PVA
PVA-6wt.%Gd2O3
PVA-4wt.%Gd2O3
PVA-2wt.%Gd2O3
(d)
(c)
(b)
(a)
In
te
ns
ity
 (a
.u
.)
Raman Shift (cm-1)
Fig. 6  Raman spectra of PVA-Gd2O3 nanocomposite films with 
dopant concentration; (a) 0 wt%; (b) 2 wt%; (c) 4 wt%; (d) 6 wt%
Table 4  The assignments of 
Raman active modes  (cm−1) 
from Raman spectra
a s sharp/strong; m moderate; w weak; vw very weak; skel skeletal; vib vibration; TOM transverse optical 
mode; LOM longitudinal optical mode;  stretching;  bending; 
w
 wagging; 
r
 rocking; 
t
 twisting
Frequency  (cm−1) Assignmentsa
Pure PVA 2 wt% 4 wt% 6 wt%
– – – 255 (w) Double degenerate TOM
– – – 360 (m) Mono substituted acetylene; combination of  Fg 
and  Eg modes of  Gd2O3
418 (w) 420(w) 423 (w) 421 (w) 
w
(CO), (CO), CH out of plane
483 (m) 484 (m) 484 (m) 484 (m) (CO) out of plane,  Ag mode of  Gd2O3
– 528(w) 527 (w) 523 (w) 
w
(OH) CH out of plane
629(m) 629 (m) 630 (w) 632 (m) 
w
(OH), 
t
(OH)
857(s) 858 (s) 858 (s) 860 (s) (CC), skel
921 (s) 920 (s) 919 (s) 919 (s) 
r
(CH2), skel
1072(w) 1072(w) 1071 (vw) 1075 (vw) (CO), (OH)
1094 (m) 1095(m) 1092 (m) 1093 (m) (CC) vibration
1148 (s) 1148(s) 1149 (s) 1148 (s) (C–O–C), (CC + CO)
1235 (w) 1239(w) 1236 (w) – 
w
(CH), (CO & CC) stretching vibration mixture
1370 (m) 1365 (m) 1370 (m) 1374 (m) (CH2 + OH) superposition
1445 (s) 1446 (s) 1446 (s) 1445 (s) (CH2), (OH)
1606 (vw) 1610 (vw) 1636 (vw) 1639 (vw) (C = C), (C = O)
1747 (vw) 1752 (vw) 1760(vw) 1760 (vw) (C = O)
1885 (vw) 1890 (vw) 1890 (vw) 1882 (vw)  (C-O) asym.
– – – 1987 (vw)  (C-O) asym.
9058 Journal of Materials Science: Materials in Electronics (2019) 30:9051–9063
1 3
energy in the C (1 s) and O 1(s) spectra of PVA-Gd2O3 
(2 wt%, 4 wt%, 6 wt%) composite films with respect to pure 
PVA film and this may be attributed to the interaction of 
 Gd2O3 nanoparticle with the C–OH bonds of the PVA.
Gd (3d) spectra shows two major peaks centered at 
1189 eV and 1221 eV which correspond to a spin-orbital 
splitting of  3d7/2 and  3d5/2 energy levels of Gd respectively 
with the energy difference of 32 eV. These observations are 
in good agreement with the reports found in literature [41, 
42].
The peak intensity of the C (1s), O (1s) and Gd (3d) 
decreases with increasing dopant concentration. This may 
be attributed to the increase in chelation of the nanoparticles 
in the polymeric matrix.
3.5  Optical properties
3.5.1  UV–Visible spectroscopy
Figure 10 shows the UV–Vis absorption spectra of pure 
PVA and PVA-Gd2O3 nanocomposite films over the range 
200–700 nm. The absorption spectra of pure PVA shows 
strong absorption in 250–350 nm region and a shoulder 
like band at 280 nm. This band may be attributed to the 
Fig. 7  SEM micrographs of a  Gd2O3 nanoparticle; b cross section view of PVA-6 wt%  Gd2O3 nanocomposite film showing the thickness of the 
film is 54.4 μm; c–f top view of PVA-  Gd2O3 nanocomposite films with dopant concentration of: 0 wt%, 2 wt%, 4 wt% and 6 wt% respectively
Fig. 8  a EDAX of pure PVA showing only the presence of C and O element; b EDAX of PVA-6 wt%  Gd2O3 nanocomposite film showing the 
presence of Gd along with C and O within the polymer matrix
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carbonyl group associated with ethylene unsaturation of 
the type –(CH = CH)2 CO– or −* transition [35, 36]. The 
absorption spectra of PVA-Gd2O3 (2 wt%, 4 wt%,6 wt%) 
films show that the absorption increases with increasing 
concentration of the dopant in the film and exhibits a red 
shift compared with pure PVA. It is also observed that the 
shoulder-like band of PVA was shifted to lower wavelength 
in 2 wt% film and disappeared in the 4 wt% and 6 wt% film. 
This may be attributed to the heterocyclic bond formation of 
the hydroxyl groups attached to methane carbon of polymer 
with the nano  Gd2O3. Further, in the 4 wt% and 6 wt% com-
posite films a small absorption is seen at 210–220 nm region 
which corresponds to the 8S7/2 → 6Gj (j = 13/2, 11/2, 9/2, 7/2 
and 5/2) transitions of  Gd3+ ions. Also a small absorption 
peak around 275 nm can be seen in the composite films 
which correspond to the 8S7/2 to 6I7/2 transition of  Gd3+ ions 
[43–46]. From the observed UV absorption data one can find 
the optical energy band gap  (Eg) of the nanocomposite films 
using Wood and Tauc relation [30]. 
where  is the absorption coefficient and A is the absorb-
ance, d is the path length or thickness of the sample (in cm), 
B is the absorption constant that depends on the transition 
probability, h is the photon energy, Eg is the optical energy 
band gap and n is an index characterizing the nature of the 
electronic transition. The value of n is ½ and 2 for direct 
(7)(h) ∝ (h − Eg)n
(8)(h)
1∕n = B(h − Eg)
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Fig. 9  XPS spectra of PVA-  Gd2O3 nanocomposite films with dopant concentration of; (a) 0 wt%, (b) 2 wt%, (c) 4 wt%, (d) 6 wt%; 1 XPS wide 
spectra; 2 High resolution XPS spectra of C1 s peak; 3 High resolution XPS spectra of O1 s; 4 High resolution XPS spectra of Gd 3d peak
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allowed and indirect allowed respectively. This kind of sys-
tem was expected to give a direct energy band gap, which 
can be obtained by plotting (h)2 as a function of photon 
energy h and extrapolating to (h)2 = 0 . Figure 11 shows 
the direct energy band gap of PVA-Gd2O3 nanocomposite 
films (0 wt%, 2 wt%, 4 wt%, 6 wt%) and these were found to 
be in the range of 5.8–4.8 eV. As a function of Gd concen-
tration the band gap decreases with increasing concentra-
tion. This is because as the dopant increases, the constraint 
from the polymer matrix increases, leading to a rise in the 
defect states in the band gap. This effectively decreases the 
value of the band gap,  Eg. It is important to find out the 
extending tail for lower photon energies below the band edge 
(Urbach energy) of semi-crystalline and amorphous systems 
to understand the disorderliness in the band gap. It can be 
calculated using the following relation [21, 22]. 
(9) = 0 exp
(
E
Eu
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Fig. 10  Ultraviolet-visible absorption spectra of PVA-Gd2O3 nano-
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4 wt%; (d) 6 wt%
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where o is the constant, Eu is the Urbach energy corre-
sponding to the width of the band tails of localized states 
in the band gap. Its value can be calculated as the recipro-
cal gradient of the linear portion of the plot of ln  versus 
photon energy E = h(eV) (Fig. 12). It can be seen that the 
Urbach energy decreases with the increasing concentra-
tion of dopant, indicating that the orderliness of the film 
is increasing, which supports the XRD results. The direct 
band gap energies and Urbach energies are summarized in 
the Table 5. Variation of direct band gap and Urbach energy 
as a function of concentration of dopant is shown in Fig. 13. 
3.5.2  Photoluminescence (PL)
Figure 14 shows the emission spectra for pure PVA and 
PVA-Gd2O3 nanocomposite films recorded at room tem-
perature using the excitation wavelength of 290 nm. No 
prominent emission peaks were observed in the PVA film. 
Four prominent emission peaks were observed in all the 
three composite films in the UV region (318 nm), deep 
blue UV region (396 nm), blue region (477 nm) and green 
region (553 nm). The emission peak centered at 318 nm is 
accredited to 6P7∕2 → 8S7∕2  Gd3+ transition. The peak cen-
tered at 396 nm may be attributed to the radiative recombi-
nation of hole and electrons in the  Gd2O3 crystal. The band 
at 477 nm can be assigned to self-trapped exciton lumi-
nescence or may be due to surface defects like Schottky 
and Frenkel type. The peak in green region centered at 
553 nm can be assigned to be Stark level transition from 
the 6GJ state of  Gd3+ ion [32, 33, 43]. From the Fig. 14 
one can see that the emission peak intensity decreases 
slightly with increasing concentration of the dopant and the 
2 wt% film shows maximum intensity. The concentration 
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Fig. 12  Urbach energy plot; plot of (lnα) as a function of photon 
energy ( E = h ) for PVA-Gd2O3 nanocomposite films with dopant 
concentration; (a) 0 wt%; (b) 2 wt%; (c) 4 wt%; (d) 6 wt%
Table 5  Direct band gap energy and Urbach energy calculated from 
UV plots
Sample Direct band gap energy 
(eV)
Urbach 
energy 
(eV)
Pure PVA 5.78 2.08
PVA-2 wt%  Gd2O3 5.50 1.90
PVA-4 wt%  Gd2O3 5.46 1.64
PVA-6 wt%  Gd2O3 4.86 1.51
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Fig. 13  Variation of direct optical band gap energy and Urbach 
energy as a function of concentration of dopant in the PVA-  Gd2O3 
nanocomposite films
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Fig. 14  Emission spectra of Pure PVA and PVA-  Gd2O3 nanocom-
posite films excited at 290 nm
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quenching observed is usually due to the increased elec-
trostatic dipole–dipole interaction or due to the increase in 
the energy transfer between the luminescent centers which 
leads to increase in the non-radiative decay as a function 
of concentration of dopant [45]. Further from the XRD and 
Raman studies it was found the dopant forms a bond with 
–OH band of PVA matrix. As the concentration of dopant 
increases the density of –OH band decreases in the matrix 
due to chelating with the dopant. Hence the quenching in 
the luminescence may be due to the coupling of excited ion 
with vibrational mode of –OH band [46].
3.5.3  Color chromaticity coordinates and color purity
It is always important to find the color emitted by the final 
product to engineer optical devices for practical applications. 
Hence the Commission International de L’Eclairage (CIE) 
1931 diagram was drawn and the chromaticity coordinates 
were calculated by using the corresponding photolumines-
cence data of PVA:Gd2O3 nanocomposite films. The chro-
maticity coordinates obtained for 2 wt%, 4 wt%, and 6 wt% 
are (0.15,0.31), (0.15,0.29) and (0.15,0.24) respectively. 
Figure 15 show that the samples emit blue color. The color 
purity of the samples was calculated by using the following 
relation. 
(10)Color purity =
√
√
√
√
√
(
x − xee
)2
+
(
y − yee
)2
(
xd − xee
)2
+
(
yd − yee
)2
× 100
where (x,y) are the CIE chromaticity coordinate points of the 
samples, (xd,yd) are the coordinate of illumination points i.e. 
(0.310,0.316) and (xee,yee) are the standard coordinate points 
corresponds to the dominant color emitted by the sample. In 
the present case, the dominant color is blue and the standard 
coordinates for blue color as specified by the PAL standard 
primaries are (0.15, 0.06). The calculated color purity of 
2 wt%, 4 wt% and 6 wt% are found to be 82.81, 76.18 and 
59.62% respectively. The color purity of 72% is sufficient for 
the grade of HDTV color filters and color purity around 45% 
and 60% are enough for the mobile and monitor grade color 
filter [46–48]. Thus these samples are a promising material 
for production of blue OLED’s, flexible screens and other 
optical devices.
4  Conclusion
Gadolinium oxide nanoparticles were prepared by solution 
combustion method and these were used to prepare PVA-
Gd2O3 nanocomposite films with varying concentrations of 
dopant by solution casting method. XRD showed that the 
nanoparticles were in cubic phase with an average size of 
19 nm and that they were incorporated into the polymer 
matrix. The absence of peaks other than that of PVA and 
 Gd2O3 in the cubic phase, confirmed the phase purity of 
the sample. Raman spectra also showed that the nanopar-
ticles were incorporated into the PVA matrix by the pres-
ence of new additional modes and these were assigned to 
various groups in the sample. The SEM pictures revealed 
uniform presence of nanoparticles in the film with some 
agglomeration. The EDAX also provided evidence for the 
purity of the sample by the presence of atoms in the correct 
ratios. XPS spectra yielded binding energies that showed 
the oxidation state of Gd as +3 and that of O as −2. The 
XPS peak intensity decreases with concentration of dopant. 
The UV–Visible spectra reveal that the optical bandgap 
decreases with increasing dopant concentration and is in 
the range 5.78–4.86 eV. The Urbach energy also decreases 
with concentration from 2.08 to 1.51 eV. The photolumines-
cence spectra show four prominent peaks in the UV, deep 
blue, blue and green regions. The color chromaticity co-
ordinates show that the samples emit blue color with purity 
82.81, 76.18 and 59.62% for the 2 wt%, 4 wt% and 6 wt% 
respectively. This indicates that these samples may find use 
in OLED’s, flexible screens etc.
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Fig. 15  CIE chromaticity coordinates of PVA-  Gd2O3 nanocomposite 
films with dopant concentration; (a) 2 wt%; (b) 4 wt%; (c) 6 wt%
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